Abstract. Diabetic retinopathy (DR) is the most common complication of diabetes and a major cause of new-onset blindness in the developed world. The present study aimed to examine the effect of kaempferol on high glucose-induced human retinal endothelial cells (HRECs) in vitro. The expression levels of various mRNAs and proteins were measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting, respectively. The target of kaempferol was determined using a luciferase reporter assay. In addition, HREC proliferation, migration and cell sprouting were determined using Cell Counting kit-8, wound scratch and tube formation assays, respectively. RT-qPCR and western blotting results showed that treatment with 30 mM glucose for 12, 24 and 48 h increased the expression level of estrogen-related receptor α (ERRα) mRNA and protein.
Introduction
Diabetic retinopathy (DR) is the most common complication of diabetes and the main cause of new-onset blindness in the developed world (1) . This complication is a result of multiple pathogenic processes caused by hyperglycemia and the deregulation of insulin signalling pathways, which in turn causes neuro-retinal dysfunction and retinal microvascular degeneration (2, 3) . The early clinical signs of DR include microaneurysms and hemorrhages, while the later signs are narrowed, tortuous and irregular retinal blood vessels, due to the formation of abnormal new blood vessels at the back of the eye in proliferative DR (4) . Although significant improvements have been made, no effective prevention or treatment for DR exists. Therefore, the development of novel and effective measures for the treatment and prevention of DR is necessary.
During the new blood vessel formation process, capillaries are formed when endothelial cells are stimulated to migrate, proliferate and invade the surrounding tissues (5) . Various pro-and anti-angiogenic molecules regulate this process under normal conditions. When the regulatory balance is adversely affected, dysfunction of endothelial cells may occur. Among the angiogenic mediators, vascular endothelial growth factor (VEGF) is considered to be the main stimulating factor, which acts via promoting the migration and proliferation of vascular endothelial cells, and thereby stimulates the generation of new blood vessels (6) . Endogenous inhibitors of angiogenesis include thrombospondin 1 (TSP-1) and a disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAMTS-1), and their aberrant expression may contribute to the diabetes-related dysregulation of retinal vascular homeostasis and vasculopathies (7, 8) .
Estrogen-related receptor α (ERRα) belongs to a nuclear receptor superfamily characterized by their high levels of sequence identity to estrogen receptors, and the primary role of ERRα is in energy metabolism (9) . A study has demonstrated that activation of the peroxisome proliferator-activated receptor g coactivator 1-α (PGC-1α)/ERRα pathway increases VEGF expression and angiogenesis in endothelial cells, which suggests that ERRα may be involved in the pathogenesis of DR (10) . Kaempferol (3,4',5,7-tetrahydoxyflavone), a commonly found dietary flavonoid, has been isolated from grapefruit, tea, broccoli and other plant sources (11) . The anticancer effects of kaempferol have been demonstrated in previous studies (12, 13) , and kaempferol has been found to act as an ERRα inverse agonist, which inhibits cell growth in different cancer cell lines by antagonizing ERRα activity (14) . Kaempferol has been shown to have an anti-angiogenic effect in ovarian cancer (15) ; however, whether kaempferol inhibits angiogenesis in DR is unclear. Therefore, the effect of kaempferol on the angiogenesis of retinal endothelial cells under high glucose conditions is worthy of investigation.
In the present study, it was demonstrated for the first time that high glucose treatment increased the expression level of ERRα mRNA and protein in human retinal endothelial cells (HRECs). Luciferase reporter and in vitro functional assays indicated that kaempferol inhibited ERRα activity and suppressed high glucose-induced cell proliferation, migration and tube formation. Further experiments revealed that kaempferol may exert its anti-angiogenesis effect by reducing VEGF expression and increasing TSP-1 and ADAMTS-1 expression.
Materials and methods
Cell culture. HRECs were purchased from ATCC (Manassas, VA, USA) and were cultured in a human microvascular endothelial medium (Cell Applications, Inc., San Diego, CA, USA) and were maintained at 37˚C in a humidified 5% CO 2 incubator. Experiments were performed using cells between passages 3 and 8.
Treatment of HRECs.
For the time-dependence experiment, HRECs were treated with 30 mM glucose for 12, 24 or 48 h, and HRECs incubated in 5 mM normal glucose were used as a negative control. In the kaempferol treatment experiments, HRECs were divided into 5 mM normal glucose, 30 mM glucose, 30 mM glucose plus 10 µM kaempferol, and 30 mM glucose plus 30 µM kaempferol groups. The HRECs were split at 90% confluence and subcultured in 96-well plates or 6-well plates according to the appropriate assay conditions. Chemicals, plasmids and transfection. Kaempferol and XTC-790 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany); pCMX-ERRα and pcDNA-PGC-1α plasmids and the respective plasmids (pCMX and pCDNA) used as negative controls were purchased from Generay Biotechnology Co., Ltd. (Shanghai, China). All transfections were conducted using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions.
RNA preparation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was isolated from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A TaqMan Reverse Transcription kit (Takara Biotechnology Co., Ltd., Dalian, China) was used to prepare cDNA from the ERRα, VEGF, TSP-1 and ADAMTS-1 RNA. qPCR was performed using a SYBR Green PCR kit (Takara Biotechnology Co., Ltd.) according to the manufacturer's instructions. GAPDH was used as an internal control. The primers for ERRα mRNA were: forward, 5'-TTC GGC GAC TGC AAG CTC-3' and reverse, 5'-CAC AGC CTC AGC ATC TTC AAT G-3'; the primers for VEGF mRNA were: forward, 5'-TGC CAT CCA ATC GAG ACC CTG-3' and reverse, 5'-GGT GAT GTT GGA CTC CTC AGT G-3'; the primers for TSP-1 mRNA were: forward, 5'-GGT CGG CCT GCA CTG TCA CC-3' and reverse, 5'-GGG GAA GCT GCT GCA CTG GG-3'; the primers for ADAMTS-1 mRNA were: forward, 5'-CTC CGC CTG CAC GCC TTT GA-3' and reverse, 5'-ATC GCC ATT CAC GGT GCC GG-3' . Data were expressed as fold changes relative to GAPDH calculated based on the 2 -∆∆Cq method (16) .
Luciferase reporter assay. HRECs were seeded in a 96-well plate (1x10 4 cells/well), incubated for 24 h, and then co-transfected with pGL3-ERRE-Luci (reporter; Promega Corporation, Madison, WI, USA) and pMCX-ERRα with or without pcDNA-PGC-1α plasmids. Renilla luciferase plasmid (Promega Corporation) was used as an internal control. At 24 h after transfection, cells were treated with kaempferol (10 or 30 µM) or XTC-790 (15 µM) for 24 h and then harvested for luciferase assay. Luciferase activity was measured using a Dual-Luciferase Reporter Assay system (Promega Corporation).
Cell proliferation assay. HRECs (3x10 3 ) were seeded into each well of a 96-well plate and allowed to adhere for 24 h. When the cells were adherent to the bottom of the plate, they were cultured in serum-free medium for starvation for 24 h. The cells were then treated with glucose alone (5 and 30 mM) or 30 mM glucose with kaempferol (10 or 30 µM) for 24 h, and the proliferative activity was determined by Cell Counting kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instructions. In brief, 10 µl CCK-8 was added to each well, and following incubation for 2 h, the absorbance at a wavelength of 450 nm was detected.
Cell migration assay. When the HRECs had grown to 90% confluence in 6-well plates, they were starved with serum-free medium for 12 h. When the HRECs were over-confluent, a 200-µl pipette tip was used to create a wound. The floating cells were removed by washing three times with sterile 1X phosphate-buffered saline. After this, the cells were incubated with serum-free media containing glucose alone (5 and 30 mM) or 30 mM glucose with kaempferol (10 or 30 µM) for 24 h, and then cultured in a 6-well plate at 37˚C in an incubator with 5% CO 2 . The migration monolayer was photographed at 0, 12, 24 and 48 h. Photographic images of five fields were photographed for each well, and the migration distance was measured.
Tube formation assay. After thawing in a refrigerator at 4˚C overnight, 60 µl Matrigel was added to a pre-cooled 96-well plate and then solidified by immediately placing the plate in a humidified CO 2 incubator at 37˚C for 30 min. HRECs that had been cultured with serum-free media containing glucose alone (5 and 30 mM) or 30 mM glucose with kaempferol (10 or 30 µM) for 24 h, were seeded immediately on the solidified Matrigel at a density of 1.5x10 4 cells/well. The plates were placed in a humidified atmosphere of 5% CO 2 and 95% air at 37˚C for 8 h. Images of the plates were captured, and the number of capillaries formed was qualitatively assessed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Western blot analysis. HRECs were lysed in SDS lysis buffer containing protease inhibitor (Sigma-Aldrich; Merck KGaA), and the protein concentration was measured using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. Proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to a polyvinylidene fluoride membrane. The membrane was incubated with the following primary antibodies: Mouse anti-ERRα (1:1,500; sc-65718; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit anti-VEGF (1:2,000; no. 2463; Cell Signalling Technology, Inc., Boston, MA, USA), and mouse anti-β-actin (1:6,000; ab8226; Abcam, Cambridge, MA, USA) at 4˚C overnight. Membranes were then incubated with the horseradish peroxidase-conjugated secondary antibodies (1:4,000; ab6728; Abcam) at room temperature for 1 h. After further incubation with the enhanced chemiluminescence substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA), the membranes were exposed using a ChemoDoc XRS detection system (Bio-Rad Laboratories, Inc.). The band intensities were analysed by the Image Lab v.6.0 software (Bio-Rad Laboratories, Inc.).
Statistical analysis. All statistical analysis was performed using GraphPad Prism 6 (GraphPad. Software, Inc., La Jolla, CA, USA). Data are presented as the mean ± standard deviation; and differences among the treatment groups were compared by one-way analysis of variance followed by Dunnett's multiple comparison test, or unpaired t-test as appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of high glucose on ERRα mRNA and protein expression in HRECs.
RT-qPCR was conducted to evaluate the ERRα mRNA expression in HRECs following treatment with 30 mM glucose for 12, 24 and 48 h. The results showed that glucose (30 mM) significantly increased ERRα mRNA expression in a time-dependent manner (Fig. 1A) . The effect of 30 mM glucose on ERRα protein expression was evaluated by western blot analysis, and similar results were obtained; this concentration of glucose also increased ERRα protein expression in a time-dependent manner (Fig. 1B) . As treatment with 30 mM glucose for 24 h significantly increased ERRα expression at the mRNA and protein levels, a 24-h treatment time was selected for high glucose treatment in the following experiments.
Effects of kaempferol on the activity of ERRα. Kaempferol has been shown to inhibit ERRα activity in cancer cells (12) . In the present study, whether kaepmferol is able to inhibit ERRα in HRECs was investigated. The luciferase reporter assay showed that HREC cells co-transfected with pCMX-ERRα and pcDNA-PGC-1α plasmids had a higher luciferase activity comparing with that of the HRECs transfected with only one plasmid (Fig. 2) ; kaempferol and XTC-790 treatment each significantly reduced the luciferase activity in cells co-transfected with pCMX-ERRα and pcDNA-PGC-1α plasmids compared with the untreated co-transfected control, and kaempferol exhibited the inhibitory effect in a concentration-dependent manner (Fig. 2) . These results indicate that kaempferol inhibits ERRα activity in HRECs.
Effects of kaempferol on glucose-induced cell proliferation, migration and tube formation of
HRECs. An in vitro CCK-8 assay was carried out to examine the proliferative ability of HRECs after the cells had been treated with glucose (30 mM) alone or in combination with 10 or 30 µM kaempferol for 24 h. The results showed that 30 mM glucose treatment significantly increased the proliferation of HRECs compared with 5 mM glucose treatment, and the proliferation of HRECs induced by 30 mM glucose was inhibited by concurrent treatment with 30 µM kaempferol (Fig. 3A) . A wound scratching assay was conducted to examine whether kaempferol was able to modulate the glucose-induced migration of HRECs. The results showed that 30 mM glucose significantly accelerated the wound closure compared with that in the 5 mM glucose treatment group. Treatment with kaempferol (10 or 30 µM) significantly inhibited the migration of HRECs induced by 30 mM glucose compared with that in the 30 mM glucose group (Fig. 3B) . These results indicate that kaempferol inhibits the high glucose-induced migration of HRECs.
To examine the effect of glucose (30 mM) and kaempferol (10 or 30 µM) on angiogenesis, the tube formation of HRECs was evaluated by Matrigel assay. The results showed that 30 mM glucose significantly increased the number of capillary-like structures compared with that in the 5 mM glucose treatment group. HRECs treated with kaempferol (10 and 30 µM) had fewer capillary-like structures compared with the high glucose-treatment group (Fig. 3C) . The results suggest that kaempferol inhibits high glucose-induced tube formation.
Effects of high glucose and kaempferol on VEGF, ADAMTS-1 and TSP-1 mRNA expression in HRECs.
To examine whether high glucose and kaempferol induce changes in VEGF, ADAMTS-1 and TSP-1 mRNA expression in HRECs, RT-qPCR was conducted. The expression of VEGF mRNA was significantly increased by treatment with 30 mM glucose compared with that with 5 mM glucose, and kaempferol (10 and 30 µM) significantly antagonized the glucose-induced increase in VEGF mRNA expression (Fig. 4A) . ADAMTS-1 and TSP-1 mRNA levels did not differ significantly between the 5 and 30 mM glucose groups, while kaempferol treatment increased the expression of ADAMTS-1 and TSP-1 mRNA in the HRECs (Fig. 4B and C) .
Effects of high glucose and keampferol on VEGF protein in HRECs.
Western blotting results demonstrated that 30 mM glucose increased the expression of VEGF protein compared with that in the 5 mM glucose group, and kaempferol (10 and 30 µM) significantly antagonized the high glucose-induced increase in expression (Fig. 5) .
Discussion
The present study demonstrated for the first time that high glucose treatment increases the expression of ERRα at the mRNA and protein levels in HRECs. Luciferase reporter and in vitro functional assays indicated that kaempferol was able to inhibit ERRα activity and suppress the high glucose-induced cell proliferation, migration and tube formation. Further experiments suggested that kaempferol may exert its anti-angiogenic effect via the downregulation of VEGF and upregulation of ADAMTS-1 and TSP-1.
The development of DR is largely attributed to high glucose levels, which generate cellular stress, cause injury to vascular pericytes and endothelial cells, and induce the development of abnormal capillaries (17) . Endothelial cells play a key role in regulating vascular tone, and dysfunction of these cells is crucial for the development of DR (18) . In the present study, HRECs were used to simulate the pathogenesis of DR under high glucose condition; and high glucose treatment for 24 h was shown to increase the proliferation, migration and tube formation of HRECs. The high glucose-induced migration and tube formation of HRECs have been well documented in previous reports (19) (20) (21) . However, the effect of high glucose on the proliferation of HRECs found in these studies has varied. Yuan et al demonstrated that treatment of HRECs with 30 mM glucose for 48 h increased the proliferation of HRECs compared with 5 mM glucose treatment (18) , while two other studies indicated that treatment with 30 mM glucose for 24 and 72 h failed to increase the proliferation of HRECs (20, 22) . Differences in cell lines and culture times have been suggested as a cause of the discrepancy. The increase in the proliferation of HRECs following treatment with 30 mM glucose for 24 h was only ~5% in our study, and the effect was very marginal; thus, further investigation may be required to elucidate the effect of high glucose levels on these cells.
ERRα has roles in energy metabolism, and various biosynthetic pathways, and is a key hypoxic growth regulator (23) . However, the role of ERRα in the pathogenesis of DR is largely unknown. PGC-1α, a co-activator of ERRα, has been shown to regulate VEGF and angiogenesis in a HIF-independent manner (24) . Activation of the PGC-1α/ERRα pathway by baicalin has been shown to increase VEGF expression and angiogenesis (10) . More importantly, it has also been found that PGC-1α affects both glucose metabolism and angiogenesis in multiple myeloma cells by regulating VEGF and GLUT-4 (25) . In the present study, high glucose treatment was demonstrated to increase the expression of EERα at the mRNA and protein levels. Collectively, these data may indicate a potential role for EERα in DR. Kaempferol has been shown to be an ERRα inverse agonist that is able to inhibit cell growth by antagonizing ERRα (14) , and its anticancer effect has also been recognized (12, 13) . However, its role in DR has not previously been reported. In the present study, a luciferase reporter assay demonstrated that kaempferol inhibited ERRα in HRECs, which suggests that the effects of kaempferol may be mediated via the targeting of ERRα. To further elucidate the effect of kaempferol on the pathogenesis of DR, in vitro functional experiments were conducted, which showed that kaempferol suppressed the high glucose-induced proliferation, migration and tube formation of HRECs. Kaempferol has previously been shown to inhibit angiogenesis and VEGF expression in human ovarian cancer cells via an ERK-NFkB-cMyc-p21 pathway (15); Liang et al demonstrated that kaempferol suppressed angiogenesis through inhibiting VEGF receptor 2 expression, and this effect was enhanced by fibroblast growth factor (FGF) inhibition in a transgenic zebrafish model (26) . On the basis of these findings, it may be suggested that ERRα could be involved in the pathogenesis of DR, and that kaempferol might be a useful tool for inhibiting angiogenesis in DR.
Angiogenesis is a complex and multistep process, and when the regulatory mechanism for angiogenesis is unbalanced, dysfunction may occur. VEGF is considered to mediate the abnormal angiogenesis that occurs in response to high glucose (6) . Various studies have indicated that high glucose stimulates VEGF secretion (27) , and the findings of the present study are consistent with this. The results of the present study indicated that kaempferol significantly antagonized the high glucose-induced increase in VEGF expression at the mRNA and protein levels, which suggests that kaempferol exerts an anti-angiogenic effect via the suppression of VEGF expression. Whether kaempferol has an effect on the expression of the anti-angiogenic molecules, TSP-1 and ADAMTS-1, which are constitutively present in HRECs, was then investigated. These molecules can inhibit vascular development (28, 29) . ADAMTS-1 acts on TSP-1, causing it to release anti-angiogenic polypeptides (30) . TSP-1 deficiency has been found to exacerbate the pathogenesis of diabetic retinopathy (7) . At high concentrations, ADAMTS-1 has been shown to inhibit the endothelial migration induced by combined treatment with VEGF and basic FGF (31) . In the present study, it was found that kaempferol increased the expression of TSP-1 and ADAMTS-1 mRNA in HRECs under high glucose conditions. These results suggest that kaempferol suppressed the high glucose-induced angiogenesis of HRECs by regulating pro-angiogenic and anti-angiogenic factors.
In conclusion, the findings of the present study suggest that kaempferol inhibits ERRα and reduces the high glucose-induced proliferation, migration and tube formation of HRECs via the regulation of pro-and anti-angiogenic factors. The results suggest that kaempferol is potentially useful as a drug to control the progression of DR. However, in vivo studies are required to evaluate its efficacy and safety.
